Abstract -The organic-inorganic interpenetrating polymer networks (OI IPNs)
I. INTRODUCTION
During the last decades, the problem of creation of new polymeric materials with the required complex of physico-mechanical properties is being solved by the formation of composite materials by mixing of wellknown macromolecular compounds. Among the variety of the composites, the interpenetrating polymer networks (IPNs) are particularly interesting due to the possibility of both the modification of properties of the cross-linked polymers and the obtaining of new materials with a wide range of properties [1] [2] [3] [4] . The interpenetrating polymer networks are the system consisting of two or more polymer networks, where the individual networks are not chemically bound to each other, but are inseparable due to the permanent entanglement of the networks [5] . Such morphology of the IPNs can lead to a synergy of the properties of initial components. However, such drawbacks as the low mechanical strength and thermal stability which are inherent to organic polymers can not be eliminated only by the formation of IPNs. For improving the operational parameters of the organic matrix and to give unique properties to the final product, the organic-inorganic composite materials are formed [6] [7] [8] [9] . The titanium-containing organic-inorganic materials are attracted much attention due to their potential use as membranes, photocatalysts, solar cells and elements for optical devices [10] [11] [12] . Also, the recent studies have demonstrated perspectives in using the titaniumcontaining hybrid materials in photonics, especially for the laser 3D microstructuring, and for optical data storage [13] . The sol-gel method is commonly used for obtaining the organic-inorganic composites with a unifor distribution of the inorganic nanodispersed phase even at the molecular level [14] . The important feature of this process is the ability to regulate the structure of the inorganic component in the organic matrix by controlling the conditions of the hydrolysis-condensation reactions. It is known, that the properties of the composite materials based on IPNs are determined by their final structure which depends on the kinetics of the formation of IPNs components [15] . Therefore, the aim of this work was to establish the influence of poly(titanium oxide) on the kinetic characteristics of IPNs formation and their viscoelastic and optical properties.
II. MATERIALS AND METHODS

Materials
The following reagents were used in this study: Titanium (IV) isopropoxide (Ti(OPr i )4, 97.0% purity, SigmaAldrich) was used without further purification. 
Sample preparation
Titanium-containing interpenetrating polymer networks based on the cross-linked polyurethane (PU), poly (hydroxyethyl methacrylate) (PHEMA) and poly (titanium oxide) ((-TiO2-)n), previously synthesized by sol-gel method in the presence of HEMA, were obtained. The formation of (-TiO2-)n occurred by reactions of hydrolysis-condensation of Ti(OPr i )4, in the presence of 0.1 N HCl as the catalyst. The content of Ti (OPr i )4 in HEMA was 13.6, 18.2 and 26.5 wt%, that calculated as (-TiO2-)n was 3.8, 5.1 and 7.4 wt%, respectively. The molar ratio of Ti(OPr i )4/H2O were 1/1 and 1/2. The obtained gel of (-TiO2-)n was dried under vacuum at 40 ºC and the residual pressure of 10-20 mmHg to remove the byproducts of the hydrolysis-polycondensation reactions (water and isopropanol). As a result, the stable transparent yellow gels were obtained. The urethane prepolymer for IPNs system was prepared in two steps. At the first step, macrodiisocyanate (MDI) was synthesized by reaction between TDI and PPG at the molar ratio of NCO/OH = 2/1. At the second step, TMP (2 mol), as a cross-linking agent, was added to MDI (3 mol). The reaction was carried out at 70 °C with a vigorous stirring for 15 min. The gel of (-TiO2-)n in HEMA with the preliminarily dissolved initiator AIBN was added to urethane prepolymer for the formation of OI IPNs. The concentration of AIBN was 0.025 mol/L. The reaction mixture was poured between the hermetical glass forms which previously have been covered with an antiadhesive agent, followed by polymerization at 60 °C (20 h) and 100 °C (2.5 h). The initial IPNs was obtained based on PU and PHEMA without the gel of (-TiO2-)n. The ratio of PU/PHEMA components in the initial and OI IPNs was 30/70 wt%.
Methods 2.3.1 Differential calorimetry
The kinetics of IPNs and OI IPNs formation was studied at 60 °C using differential calorimeter DAC-1-1A. From the kinetic data the following parameters were determined: the maximum value of the reduced rate (Wmаx) of the polymer formation and the conversion of the monomer (α max) at this moment. The reduced rate of the polymer formation was calculated from Wred = V/[M], where V = dM/dt, M is the amount of the unreacted monomer and t is the reaction time.
Dynamic mechanical analysis
The viscoelastic properties of the initial IPNs and OI IPNs samples were studied by DMA (Dynamic Mechanical Analyzer Q 800, TA Instruments). The measurements were performed in the tension mode at frequency of 10 Hz, and the heating rate was 2.0 о С/min. The values of glass transition temperature (Tg) were determined by the position of the maximum of the tangent of mechanical losses (tan δ). The molecular weight of the chain segments between crosslinks (Mc) was calculated via the equation:
where ρ is the density of the polymer; R is the gas constant; T is the value of absolute temperature; Е∞ is the value of the equilibrium elastic modulus.
Optical studies
The study was carried out using the mercury UV-lamp DMT-1000 (power density ~ 120 W/m 2 ) for irradiation of OI IPNs samples. And the optical transparency of the samples before and after irradiation was investigated by spectrometer UV-2401PC (Shimadzu, Japan).y
III. RESULTS AND DISCUSSION
Investigation of the kinetics of IPNs and OI IPNs formation
The features of the kinetics of OI IPNs formation relatively to the initial IPNs were studied. During the investigation of the kinetics of OI IPNs formation it was possible to consider only the kinetics of PHEMA formation, because (-TiO2-)n acts as the catalyst for reaction of urethane formation and the process of HEMA polymerization occurs in situ in the almost formed PU matrix. Fig. 1 presents dependences of the reduced rate of polymerization (Wred) of HEMA in the initial IPNs and OI IPNs from the degree of monomer conversion with different content of poly(titanium oxide) in OI IPNs system. The obtained experimental data show (Table 1) that the introduction of poly(titanium oxide) in OI IPNs affects the rate of PHEMA formation. The maximum value of the reduced rate of PHEMA formation in the Sample-1 with the minimum content of (-TiO2-)n is 37 Fig. 1 ). The rate of PHEMA formation decreases in the series Sample-1>Sample-2>Sample-3 with the increase of (-TiO2-)n content in OI IPNs and the maximum value of the reduced rate of PHEMA formation shifts to the lower values of the monomer conversion (Table 1 , Fig. 1 ). The reduction of the rate of HEMA polymerization with the increasing content of (-TiO2-)n in OI IPNs are connected, evidently, with a possibility of the grafting of poly(titanium oxide) to HEMA with the formation of poly(titanium oxide-co-oxyethylmethacrylate). This interaction was shown by the IR spectroscopy [16] . As a result, the formation of titanium-containing HEMA reduces the mobility of methacrylate groups and increases the shielding of double bonds by Ti atoms that complicates the reaction of the radical polymerization [17, 18] . Furthermore, titanium oxide particles are wellknown by their ability to efficiently trap the electrons and to generate Ti 3+ centers (Ti 4+ + e ↔ Ti 3+ ), which was confirmed by EPR spectroscopy [19] .
Poly (titanium oxide-co-oxyethylmethacrylate)
Thus, the presence of titanium in the polymer matrix can lead to a deactivation of the free radicals and the reduction of the efficiency of the initiation. At the same time, the reduction of the rate of HEMA polymerization occurs due to the increasing viscosity of the reaction medium due to the formation of a titanium-containing HEMA and complex compounds between Ti atoms and carbonyl groups of HEMA in OI IPNs. The presence of such interactions was confirmed by IR spectroscopy [16] .
The complex interaction where R − alkoxide group (OPr i ) The increase of the viscosity in the reaction medium leads to an appearance of the so-called "cage" effect, when diffusion separation of the radicals, which initiate polymerization, is difficult. It leads to increasing the probability of its recombination [20] .
Dynamic mechanical analysis
The temperature dependences of tan δ for IPNs and OI IPNs with different content of poly(titanium oxide) and at the ratio of Ti(OPr component [21] . The relaxation transition as shoulder tan δ near -5 °C indicates the presence of PU phase even at its low content in the polymer system. Such temperature dependence of tan δ indicates, that IPNs is a two-phase system. Such dependence of tan δ(T) is also observed for all simples of PU/PHEMA/(-TiO2-)n, which confirms its two-phase structure. The presence of the inorganic component does not really change Tg2 and does not affect the position of the relaxation transition corresponding to the PU phase. It indicates the absence of compatibility in the polymer system. However, the height of relaxation transition decreases for PHEMA phase with an increasing content of (-TiO2-)n ( Table 2 ). The reduction of the intensity of the relaxation maximum with the increasing content of the inorganic component is often observed for the nanostructured hybrid systems. It is usually connected with the formation of the dense inorganic network that prevents the segmental mobility of the polymer chains [22, 23] . Apparently, during the formation of organicinorganic systems (PU/PHEMA/(-TiO2-)n) both the formation of grafts [24] and the complex compounds can occur [25] . As it was previously noted, the reduction of the rate of PHEMA formation as a component of OI IPNs is also connected with the presence of interactions between organic and inorganic components of the system. Hence, the decrease of tan δmax2 may be due to the blocking of the mobility of the significant fraction of the polymer segments (relaxators) that were involved in the relaxation transition for PHEMA phase. The presence of such interactions is also supported by the fact, that even a slight increase of (-TiO2-)n content leads to a significant decrease the value of Mc in OI IPNs. This indicates a significant increase of the number of cross-links and/or topological entanglements in the organic-inorganic hybrid polymer system. It is known that the structure of poly(titanium oxide) essentially depends on the ratio of titanium isopropoxide to the water in the sol-gel synthesis, and it is suggested that at the molar ratio of Ti(OPr i )4/H2O ≥ 1 the linear poly(titanium oxide) is formed, while branched structures are formed at the molar ratio of Ti(OPr i )4/H2O ≤ 1 [26] . The comparison of the dependencies of tan δ(T) for Sample-3 and Sample-4 ( Fig. 2b) with the same content of (-TiO2-)n, but obtained at different molar ratios of ://dx.doi.org/10.24001/ijaems.3.3.13  ISSN: 2454-1311 www.ijaems.com
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Ti(OPr i )4/H2O showed that the topology of poly(titanium oxide) structure influences the phase structure of OI IPNs. It is supported by the change of parameters of the relaxation transition for PHEMA phase as well as a 2-fold decrease of the Mc value for Sample-4 compared to Sample-3 (Table 2) . Perhaps, the linear structure of poly(titanium oxide) which was formed at the molar ratio of Ti(OPr i )4/H2O = 1/1, promotes the increase of the number of the grafting and donor-acceptor interactions. It increases the number of polymer segments with locked mobility and reduces the height of tan δ of the PHEMA phase (Fig. 2b) . While, at the branched structure of (-TiO2-)n which was obtained at the molar ratio Ti(OPr (Table 2) shows that the only change of the topology of (-TiO2-)n structure from the branched to the linear leads to the significant increase of the cross-linking density in OI IPNs. It confirms the assumption about increasing of probability of the graft formation and complex compounds for OI IPNs of poly(titanium oxide) with the linear structure. Thus, the relaxation behavior of the organic-inorganic polymer system of PU/PHEMA/(-TiO2-)n is determined not only by the content of poly(titanium oxide), but also its topological structure.
Optical properties
It is known that the organic-inorganic nanocomposites containing crystalline TiO2 or gels of poly(titanium oxide) exhibit the unique optical properties, i.e. the reversible darkening of the sample under UV-irradiation [27] . In last case this is due to the separation of charges: electrons are captured on the gel chain, Ti 4+ + e ↔ Ti
3+
, whereas holes go into solution, forming H + and radicals. This process leads to a broad absorption band in the visible region of the spectrum that is attributed to the formation of Ti 3+ centers. These features of Ti-containing material determine the wide prospects of their practical application from medicine to engineering and environmental protection. Therefore, the light transmission spectra of unirradiated and UV-irradiated OI IPNs samples have been obtained. OI IPNs samples were obtained with the same content of PU/PHEMA/(-TiO2-)n, but in the present of (-TiO2-)n synthesized at different molar ratio of Ti(OPr i )4/H2O (Table 3) . The optical transparency (T, %) of samples before UV-irradiation established at λ=700 nm was 90.0 % and 91.0 %. The values of optical transparency for OI IPNs samples after UV-irradiation within 240 minutes decreased to 48.0 % (Sample-3) and 61.0 % (Sample-4) respectively (Table 3, Fig. 3 ). The photographs (Fig. 4) of samples clearly show, that the area has been exposed by UV-irradiation became black. It is also worth pointing, that the optical transparency after UV-irradiation for Sample-3 is 1.3 times lower relative to Sample-4. It is apparently due to the different morphology of poly(titanium oxide), which affects the efficiency of the formation of Ti 3+ centers. IV. CONCLUSION Thus, the results of the studies have shown that the rate of PHEMA formation reduce with increasing the content of (-TiO2-)n in OI IPNs during the experiment. It is connected with an increase of the viscosity of the reaction medium and an appearance of the so-called "cage" effect due to the opportunity of chemical grafting of (-TiO2-)n to HEMA and the interactions via donor-acceptor mechanism. Also, the results obtained by DMA method have shown that the OI IPNs are two-phase systems and the increase of the content of the inorganic component practically does not affect the position of the relaxation transition of PU and PHEMA components. The results has revealed that the increase of (-TiO2-)n content in IPNs leads to reduce of the intensity of the relaxation maximum of PHEMA-component and the decrease of Mc value. These changes show an increase of the effective cross-linking density in OI IPNs due to the grafting of poly(titanium oxide) to PHEMA. The one-electron transition Ti 4+ + e ↔ Ti 3+ which is accompanied by the decrease of the light transmission in the spectrum of the visible region for OI IPNs was observed. It was shown that the topology of (-TiO2-)n structure affects the relaxation behavior of the samples and its optical properties after UV-irradiation.
